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Arrowtooth flounder (Atheresthes stomias) are an important predator of juvenile walleye pollock (Gadus chalcogramus) in the eastern Bering Sea
(EBS) shelf and have increased 3-fold in biomass from 1977 to 2014. Arrowtooth flounder avoid the summer “cold pool” (bottom water ≤28C) and
variability in cold pool size and location has affected their spatial overlap with juvenile walleye pollock. Developing a method to account for the
relationship between climate change and pollock mortality can highlight ecosystem dynamics and contribute to better assessments for fisheries
management. Consequently, spatially resolved predation mortality rates were estimated within an age-structured walleye pollock stock assessment
population model (based on spatial information on diet and abundance from trawl surveys), along with the effect of sea surface temperature (SST)
on pollock recruitment. Projections of SST and cold pool area to 2050 were obtained (or statistically downscaled) from nine global climate models
and used within an age-structure population model to project pollock abundance given estimated relationships between environmental variables
and predator and prey spatial distributions, pollock recruitment, and maximum rate of arrowtooth flounder consumption. The climate projections
show a wide range of variability but an overall trend of increasing SST and decreasing cold pool area. Projected pollock biomass decreased largely due
to the negative effect of increased SST on pollock recruitment. A sensitivity analysis indicated that the decline in projected pollock biomass would
be exacerbated if arrowtooth flounder increased their relative distribution in the EBS northwest middle shelf (an area of relatively high density of
juvenile pollock) in warm years.

Keywords: arrowtooth flounder, Bering Sea, climate change, forecasting, functional response, predation, recruitment, spatial overlap, statistical
downscaling, walleye pollock.

Introduction
Ocean temperatures have been increasing, with the rates of increase
since the early 1970s being highest in the upper 75 m (Hoegh-
Guldberg et al., 2014) and thereby influencing biologically pro-
ductive continental shelf ecosystems. Increased temperatures can
affect the productivity and population dynamics of fish stocks
via myriad mechanisms, including direct effects on the behaviour
and physiology of individual organisms, or indirect effects on

ecosystem structure (Brander, 2007). Examples of direct effects
of climate change include changes in spatial distributions
(Mueter and Litzow, 2008; Pinsky et al., 2013) and metabolic
rates of consumption and growth (Holsman and Aydin, 2015),
whereas indirect effects include the influence of climate change
on the abundance and timing of plankton blooms and its result
on fish recruitment (Mueter et al., 2011). A challenge for project-
ing future levels of fish productivity is distinguishing between
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these various mechanisms and how they are affected by climate
change.

The effect of ocean warming on species distributions has received
considerable attention, with many species shifting poleward and/or
to deeper waters (Dulvy et al., 2008; Nye et al., 2009). Yet species also
exhibit differential responses to changing conditions (i.e. rate and
direction of movement), which may be related to biological char-
acteristics (Murawski, 1993; Perry et al., 2005) and the variation
of climate velocities (the rate of movement of isotherms; Loarie
et al., 2009) in the habitats occupied by fish (Pinsky et al., 2013).
Divergent distributional responses to warming can affect predator–
prey interactions, as the predator–prey spatial overlap under future
climatic conditions is a function of the projected stock distributions
among finer-scale subareas. For example, Hunsicker et al. (2013)
found that the estimated overlap between arrowtooth flounder
(Atheresthes stomias, an important predator) and juvenile walleye
pollock (Gadus chalcogramus; hereafter referred to as pollock) on
the eastern Bering Sea (EBS) shelf increased with arrowtooth flounder
abundance and temperature, and decreased with pollock abundance.
The predation impact of EBS arrowtooth flounder on juvenile pollock
is currently highest in the northwest (NW) portion of the EBS shelf
(Zador et al., 2011).

Temperature also directly affects fish metabolic rates, as the
maximum rate of consumption (Cmax; the weight of consumed
prey per predator weight per day) generally increases for a broad
range of temperatures before declining sharply as temperature
approaches the upper thermal limit. Bioenergetic models that
account for the effects of temperature on fish metabolism
(Hanson et al., 1997) can be used to estimate daily rations, an im-
portant input to multispecies models, and to evaluate how climate
change affects foraging and consumption (Rose et al. 2008). For
example, Holsman and Aydin (2015) estimated that a 28C increase
in water temperature would increase the daily ration of EBS pollock
and Pacific cod (Gadus macrocephalus), but decrease daily ration and
relative foraging rate (i.e. the ratio of daily ration to maximum con-
sumption rate) of EBS arrowtooth flounder.

In contrast to the direct effects considered above, the effect of
temperature on prerecruit survival can be considered an indirect
effect that may reflect ocean productivity and the abundance of
prey. In the EBS, the Oscillating Control Hypothesis (Hunt et al.,
2002) predicts that warm years with early ice retreat would be asso-
ciated with warm temperatures in late spring, rapid zooplankton
growth, and increased prey for piscivorous fish; conversely, late ice
retreats may provide increased prey for benthic-feeding fish.
However, for EBS pollock, unusually warm conditions may decrease
prerecruit survival due to a lack of important large zooplankton in
the late summer and autumn (Hunt et al., 2008, 2011; Heintz et al.,
2013). Mueter et al. (2011) applied a modified Ricker stock–recruit-
ment model to estimates of recruits and abundance from the 2009
walleye pollock stock assessment model (Ianelli et al., 2009) to
find that prerecruit survival decreases when late summer sea
surface temperature (SST) is above �98C.

EBS pollock provide a good case study for attempting to develop
stock projection models that incorporate various mechanisms by
which environmental conditions can affect population dynamics,
as the EBS shelf is well studied with good research surveys and
many process-oriented studies (Lomas and Stabeno, 2014). The
EBS fish community has exhibited a shift northward from 1982 to
2006 (Mueter and Litzow, 2008), although more recent cold years
(i.e. from 2006 to 2010) have resulted in southward movement
(Kotwicki and Lauth, 2013). Changes in dynamic physical variables

such as stratification and temperature can affect EBS species distri-
butions and ecoregion boundaries (Baker and Hollowed, 2014).
These studies have not distinguished between different sizes of
pollock, but this becomes important when considering how the
overlap of pollock prey and their predators may be affected by envir-
onmental variability. For example, Hollowed et al. (2012) found that
age-1 pollock could tolerate a wide range of temperatures, and
Hunsicker et al. (2013) found that juvenile pollock spatial dis-
tributions are less sensitive to temperature than those of arrowtooth
flounder. An environmental feature of the EBS shelf is the cold pool,
a layer of bottom water ,28C (Wyllie-Echeverria and Wooster,
1998) that is formed from sea ice melt and spring-summer stratifi-
cation of the middle shelf (Stabeno et al., 2001) (Figure 1).
Arrowtooth flounder have been observed to avoid the cold pool
(Spencer, 2008).

Projections of the effect of climate change on pollock abundance
and productivity can be improved by accounting for the effects on
recruitment, predator consumption rates, and predator–prey
spatial overlap. Previous analyses have typically emphasized a par-
ticular mechanism, focusing on predator consumption (Holsman
and Aydin, 2015), predator–prey overlap (Hunsicker et al., 2013),
or recruitment (Ianelli et al., 2011; Mueter et al., 2011), but have
not addressed how pollock dynamics would be influenced by spa-
tially variable predation rates that may arise from the effect of
climate change on predator–prey overlap. Because the processes
identified above can be categorized as affecting either prerecruit
mortality or predation mortality on recruited fish (defined as fish
age 1 and older; Ianelli et al., 2014), the mortality parameters are
amenable for estimation in integrated stock assessment models
that provide statistical fits to several types of data (Maunder and
Punt, 2013). Predation mortality was estimated in the Gulf of
Alaska pollock stock assessment model (Hollowed et al., 2000),
allowing for an evaluation of the statistical fit to the estimates of
predator consumption relative to other input data.

The purpose of this study is to evaluate the relative importance of
environmentally driven changes in recruitment, arrowtooth floun-
der maximum consumption rate, and the spatial overlap between
arrowtooth flounder and pollock on the projected dynamics of
pollock. First, relationships between bottom temperatures and
spatial distributions for arrowtooth flounder and juvenile pollock
are assessed. Second, the single-species pollock assessment model
(Ianelli et al., 2014) is modified to estimate the effect of temperature
on recruitment and spatially explicit predation mortality rates.
Finally, a series of projections are conducted to evaluate pollock
catch and abundance under projected future levels of the cold pool
and SST. Of particular interest is an assessment of how pollock dy-
namics would be affected if arrowtooth flounder moved farther
north as the temperature increased.

Methods
Spatial information on temperature and the densities of pollock and
arrowtooth flounder were obtained from the Alaska Fisheries
Science Center’s annual EBS shelf summer trawl survey (Lauth
and Conner, 2014). The survey has been conducted with consistent
sampling methodology since 1982, and the survey strata which have
been consistently sampled since 1982 are shown in Figure 1. The 50,
100, and 200 m isobaths form the boundaries of the strata compris-
ing the inner shelf (strata 10 and 20), middle shelf (strata 31, 32, 41,
42, and 43), and outer shelf (strata 50, 61, and 62), which are further
organized into NW strata (strata 20, 41, 42, 43, 61, and 62) and
southeast (SE) strata (strata 10, 31, 32, and 50). Approximately
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356 stations located on systematic grid are sampled annually during
spring and summer (May to August), with the number and weight of
various groundfish species, and bottom temperature, recorded for
each station. Arrowtooth flounder stomach weights were opportun-
istically sampled from the survey catch, and the length and weights
of fish prey were obtained from a subset of the non-empty arrow-
tooth flounder stomach samples. The number of arrowtooth sto-
machs sampled from 1983 to 2014 by EBS subareas are presented
in Table 1.

Influence of temperature on fish distributions
Environmental variability on the EBS shelf is described by the size of
the cold pool and the distribution of bottom temperatures. The cold
pool area for each year was computed as the total area for survey sta-
tions with bottom temperatures ≤28C, where the area for each
survey station was defined as the area of the stratum in which it
occurs divided by the number of stratum hauls (Perry and Smith,
1994; Spencer, 2008).

The influence of environmental variability on arrowtooth floun-
der and juvenile pollock distributions (10–20 cm, approximately
age 1) was evaluated from the area occupied and catch-weighted
temperature distribution for the stock, and the relative distribution
of the stock across the EBS shelf. Cumulative frequency distributions
(CDFs) were used to estimate the minimum area covered by 95% of
the stock by year (Swain and Sinclair, 1994; Spencer, 2008), which
was computed as the area represented by survey stations for which
the cumulative catch per unit effort (cpue; numbers km22) was
95% of the cumulative cpue for all stations. Temperature preferences
of fish were evaluated with catch-weighted CDFs that indicate tem-
peratures in areas occupied by fish (Perry and Smith, 1994; Spencer,
2008):

g(t) =
∑h

i=1

∑ni

j=1

wi

ni

y ji

�Y
I(x ji) where I(x ji) =

1, if x ji ≤ t
0, otherwise

{ }
, (1)

Figure 1. (a) The EBS shelf and strata sampled by bottom trawl survey, with the fill markings distinguishing the five areas defined in Table 1. (b)–(d)
The sampling stations, with stations within the cold pool shown in black for cold (1999) and warm (1998, 2014) years.
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where h is the number of strata, wi and ni are the proportion of
the survey area and number of hauls, respectively, in stratum i, yij

and xji are the cpue and bottom temperature, respectively, for haul
j and stratum i, �Y is the stratified mean cpue for the survey, and
t spans the range of observed temperatures. The catch-weighted
CDFs of temperature were compared with the unweighted CDFs
that indicate the temperatures for all areas covered by the survey:

f (t) =
∑h

i=1

∑ni

j=1

wi

ni
I(x ji) where I(x ji) =

1, if x ji ≤ t
0, otherwise

{ }
. (2)

The proportions of arrowtooth flounder in two size classes (,40
and ≥40 cm) and juvenile age classes of pollock (ages 1–3)
within EBS subareas for each year were estimated from the spatial
distribution of survey cpue and were modelled as a function of
cold pool area using multinomial logistic regressions, an extension
of logistic regression that allows for more than two response categor-
ies (Hosmer and Lemeshow, 2000). Limited numbers of tows with
positive catch in some strata motivated combining the 10 strata
into 5 subareas, as defined in Table 1. Age–length keys from
survey sampling were used to convert pollock length compositions
within subareas to age compositions. The modelling of spatial dis-
tributions as a function of cold pool area allows projections of
how future environmental conditions may affect spatial overlap
and predation mortality.

Estimation of temperature-dependent recruitment and
predation mortality in the pollock stock assessment model
The EBS walleye pollock stock assessment model (Ianelli et al., 2014)
was modified to estimate the effect of temperature on recruitment
and predation mortality. The Ricker stock–recruitment (Ricker,
1975) curve was used to model age-1 recruitment, and the residuals
1SR between the estimated recruitment and the predicted values
from the Ricker curve were modelled as a quadratic function of
SST in the year of spawning:

1SR,t+1 = u0 + u1SSTt + u2SSTt
2 + 1SST,t+1, (3)

where SST is an index of late summer (July–September) tempera-
tures in year t. The SST index was derived from monthly extended
reconstructed SSTs (Smith et al., 2008), from which interpolated
values over a 28 × 28 grid covering the Bering Sea shelf were aver-
aged from July through September (Mueter et al., 2011). The para-
meters u0, u1, and u2 were obtained by minimizing the sum of
squares of the residuals 1SST as part of the assessment model object-
ive function.

Temperature can affect predation mortality rates through
temperature-dependent changes in spatial distributions and predator–

prey overlap. Predation mortality rates can be estimated in stock
assessment models in a manner analogous to estimation of fishing
morality rates (Hollowed et al., 2000). Given survey data on predator
and prey distributions described above, this approach can be
extended to estimate spatially explicit predation mortality rates
and further requires estimates of predator abundance and prey con-
sumption by age class. Modelling of the predation mortality on
pollock ages 1–3 for the two size classes of arrowtooth flounder
(,40 and ≥40 cm) was motivated by changes in the proportion
of pollock in the diet with arrowtooth flounder size (Zador et al.,
2011).

Shelf-wide consumption, by year, of pollock age class (a) by
arrowtooth size class (s) was estimated as

Ca,s =
Q

B

( )
�Bs pa, (4)

where (Q/B) is an annual consumption to biomass ratio, �Bs is the
estimated mean biomass within a year of arrowtooth founder for
size class s, and pa is the proportion (by weight) of pollock of age a
in the diet. Holsman and Aydin (2015) evaluated a variety of
field- and model-based methods for estimating consumption rates
of Alaska groundfish, and obtained Q/B ratios of 3.11 and 2.26
for arrowtooth flounder larger and smaller than 40 cm, respectively,
from application of a generalized von Bertalanffy growth equation
(Essington et al., 2001). Yearly mean biomass for the two size
classes of arrowtooth flounder were computed from stock assess-
ment estimates of abundance (Spies et al., 2014).

Yearly estimates of pa that account for spatial patterns in con-
sumption were generated. For each subarea and year, the proportion
(by weight) of pollock by age in the diet of arrowtooth flounder was
calculated as the product of the proportion of pollock in the diet
(obtained from the non-empty stomachs) and estimated age com-
position of consumed pollock. Estimated age composition (by
weight) of consumed pollock was calculated by applying age–
length keys (obtained from survey sampling) to the prey length com-
position (obtained from stomach sampling) and using mean weight
of pollock at age in the stock (Ianelli et al., 2014) to convert to age
composition by weight. Shelf-wide estimates of age composition of
pollock in the diet for each year were obtained from an average of
the subarea values, weighted by the survey cpue of arrowtooth floun-
der in each subarea. Estimates of the proportion of pollock in the diet,
and age composition of the pollock prey, for subareas with low sample
sizes (i.e. ≤4) were set to yearly shelf-wide estimates.

Given estimates of consumption described above, predation
mortality was estimated within the assessment model with a
Holling type II functional response. For each year, the estimated
consumption (Ĉs,a,h) of pollock of age a by arrowtooth flounder

Table 1. Number of arrowtooth flounder stomachs sampled for prey composition and prey length from 1983 to 2014, by EBS subarea and
arrowtooth flounder size.

Area Strata

Small ATF (<40 cm) Large ATF (≥40 cm)

Empty Non-empty Sampled for prey lengths Empty Non-empty Sampled for prey lengths

Inner shelf 10, 20 25 116 11 22 37 3
SE middle shelf 31, 32 861 1029 101 734 696 154
NW middle shelf 41, 42, 43 337 732 136 178 343 123
SE outer shelf 50 816 1069 87 754 680 98
NW middle shelf 61, 62 435 1248 201 946 2282 716
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of size class s in subarea h was modelled as

Ĉs,a,h = matf ,s

m p,a

Cmax,s,haa,s

ba,s + �Na,h

( )
�Es,h

�Na,hAh, (5)

where Cmax,s,h is the maximum rate of consumption for arrowtooth
flounder of size class s (in units of grams consumption per gram of
predator per year) in subarea h,aa,s, andba,s are parameters of a type
II functional response curve for pollock age a and arrowtooth size
class s, �Na,h is the mean pollock density of age a in subarea h
within the year (accounting for all mortality sources), �Es,h is the
mean arrowtooth flounder abundance of size class s in subarea h
within the year, and Ah is the area (km2) of subarea h. The weights
of arrowtooth flounder of size class s and pollock of size a (matf,s

and mp,a, respectively) are required to convert the consumption to
units of numbers consumed per predator.

The maximum rate of consumption is a function of temperature
and fish size:

Cmax,s = d ∗ CAWCB ∗ f (T), (6)

where d is the number of feeding days within a year (365 for arrow-
tooth flounder; Holsman and Aydin, 2015), CA and CB are para-
meters of an allometric consumption equation, and f(T) is a
multiplicative scaling function. Estimates of Cmax,s,h per year were
obtained outside the assessment model from the arrowtooth floun-
der maximum consumption equation presented in Holsman and
Aydin (2015), the estimated size of arrowtooth flounder in each
size class (calculated from the estimated numbers at age; Spies
et al., 2014), and the bottom temperatures by subarea. Over the
range of bottom temperatures observed on the EBS shelf, increases
in temperatures would increase the rate of maximum consumption
(Supplementary Figure S1).

The term within the parentheses in Eq. 5 is a catchability coeffi-
cient that models the proportion of the stock removed per year by a
unit of effort (in this case, the proportion of pollock removed by a
unit of arrowtooth flounder abundance). Equation 5 is analogous
to the Baronov catch equation of C = qE �N with two important dif-
ferences: (i) the catchability coefficient, q, is modelled as a function
of prey density; and (ii) the spatial overlap between predators and
prey is incorporated by considering their densities within each
subarea. The observed spatial distributions of pollock and arrow-
tooth flounder from the survey cpue data (described above) were
used to partition the modelled pollock abundance and estimated
arrowtooth flounder abundance from stock assessments (Spies
et al., 2014) across the subareas for each year.

The total natural mortality for pollock of age a (Ma) is the sum of
arrowtooth flounder predation mortality and residual mortality

Ma = Ma,resid +
∑

s

Ma,s, (7)

where the residual mortality Ma,resid accounts for all other mortality
sources other than the two arrowtooth flounder size classes in the
summation term. The current pollock stock assessment fixes M at
0.9, 0.45, and 0.3 for ages 1,2, and 3+, respectively, and these
values are consistent with estimates of natural mortality derived
from relationships with fish size (Ianelli et al., 2014). To facilitate
parameter estimation and scale population abundances to relatively
similar levels as those currently estimated, the total Ma from equa-
tion (7) were estimated with Bayesian prior distributions, with

coefficients of variation (CV) of 0.1 and the distribution means
set to the fixed values of Ma from the stock assessment.

Estimated values of aa,s and ba,s were obtained by including in
the model likelihood function the residuals between estimated
and observed total consumption of pollock of ages 1–3, and the resi-
duals in the age composition of consumed pollock. Distribution func-
tions with relatively high levels of variability were used to fit the
estimated consumption, reflecting the uncertainty in the diet data
and consumption estimates. A lognormal distribution with a CV of
0.7 was used to model the residuals for total consumption, whereas a
multinomial distribution with a sample size of 50 was used to model
the age composition of pollock consumed by arrowtooth flounder.

Projections of the effects of future climatic conditions on
pollock recruitment and arrowtooth flounder predation
The estimated relationships between environmental conditions and
recruitment, spatial distributions, and predation mortality were
used in a population dynamics model to project the estimated abun-
dance and catch of pollock accounting for variability in recruitment
and future climate conditions. A Tier 3 harvest control that reduces
fishing mortality at low stock sizes (NPFMC, 2014) was used, but the
total catch was limited to 1.5 × 106 t because pollock catches would
not be expected to exceed this amount under the 2.0 × 106 t limit
for the sum of all Bering Sea/Aleutian Islands groundfish catches.
Predation mortality is a function of future abundance of arrowtooth
flounder, which was projected from the current estimated numbers
at age (Spies et al., 2014) with fishing mortality set to the average of
estimates for 2009–2014 and future recruitment set to the average
of the estimated recruitment for the 1977–2014 year classes. Each
set of projections consisted of 1000 model runs that projected the
stock dynamics from 2014 to 2050.

Sensitivity analyses were conducted to evaluate to the role of en-
vironmental variability on either recruitment (dependent on SST),
maximum consumption rate (dependent on bottom temperatures),
and spatial distributions (dependent on cold pool area) on projected
abundance and catch of pollock. Separate runs were conducted in
which only one of these mechanisms was influenced by projected
environmental variability, with the other mechanisms using the
historical average of its respective environmental variable.

A sensitivity analysis was also conducted in which arrowtooth
flounder moved slightly farther north than would be projected
from the estimated relationships between their spatial distribution
and the cold pool, and was motivated by the uncertainty in how
these relationships would be affected by climate change. This projec-
tion was achieved by adjusting the parameters of the multinomial lo-
gistic model such that the predicted proportion of small and large
arrowtooth flounder in the NW middle shelf was increased to 24
and 22%, respectively, for the year with the smallest observed cold
pool; these values were chosen to produce a rate of northward
movement (degrees latitude per year) over the projection that is
consistent with rates observed in other regions (Pinsky et al., 2013).

Projections of SST were obtained directly from a set of nine
global climate model (GCM) simulations carried out on behalf of
the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report(AR5; Stocker et al., 2013), whereas cold pool
area and bottom temperatures were obtained from statistical down-
scaling of GCM output. IPCC class GCMs, as a group, are not well
suited for specifying summer bottom temperatures in the EBS due
to errors associated with improper handling of the bathymetry,
tides, and mixing processes near the seabed. Analysis of the histor-
ical record indicates that the area and southward extent of the
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cold pool corresponds closely with two parameters that can be simu-
lated by GCMs, the maximum sea-ice extent the previous winter,
and to a lesser extent, the sea level pressure in spring. A generalized
additive model (GAM) based on these two predictors explained
71% of the variance in cold pool extent for 1982–2013. This
model was then employed using projections of ice extent and sea
level pressure from a set of GCMs with good track records for the
Bering Sea (Overland and Wang, 2007). For each stock projection
model run, the projected future environmental conditions were
obtained from randomly selecting one of the nine climate model
simulations. Finally, projections of bottom temperatures by EBS
subarea were obtained by applying linear relationships between
observed cold pool area and subarea bottom temperatures to the
projected estimates of cold pool area.

Results
The area occupied by arrowtooth flounder decreases with the area of
the cold pool (Figure 2a). During the three unusually warm years
from 2003 to 2005, the area of the cold pool was among its lowest
values since 1982 (averaging 57,000 km2) and the area occupied
by arrowtooth flounder were at their highest values and averaged

204,000 km2. In 1999, the cold pool area was at its largest value
and the area occupied by arrowtooth flounder among its lowest
values. In contrast, the area occupied by juvenile pollock (10–
20 cm) is insensitive to the area of the cold pool.

Catch-weighted temperatures also reveal that arrowtooth flounder
avoid the cold pool, even in years when the cold pool is relatively large.
Catch-weighted species temperatures are plotted against habitat tem-
peratures in Figure 2b and d for the tenth and 90th percentiles of the
frequency distributions (the W and + symbols, respectively), and the
extent to which the scatterplots deviate from the 1:1 line indicates tem-
perature selection. The tenth percentile of temperature in the EBS shelf
is typically ,28C, whereas the tenth percentile of temperatures in habi-
tatsoccupiedbyarrowtoothfloundertypicallyexceeds28C.Incontrast,
juvenile pollock do not show strong avoidance of low temperatures, al-
though do seem to show a slightly more limited range of temperature
than the available temperatures (i.e. the tenth percentile and 90th per-
centile points fall slightly above and below the 1:1 line, respectively).

Avoidance of the cold pool by arrowtooth flounder results in a
larger percentage (by number) of the stock in the SE outer shelf as
the cold pool area increases, and a reduced percentage in the SE
middle shelf (Figure 3). For arrowtooth flounder ,40 cm, the

Figure 2. The relationship between the area occupied and cold pool area for arrowtooth flounder and juvenile walleye pollock (a and c, labelled by
year). Scatterplots of the bottom temperatures for the tenth (W) and 90th (+) percentiles of the distributions of available temperatures and the
catch-weighted temperature distributions are in (b) and (d). Temperature preference in indicated by deviations from the 1:1 line, and points below
the horizontal lines indicate species occurrence within the cold pool.
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Figure 3. The proportion (by number) of two size classes of arrowtooth flounder, and age 1 pollock, across areas within the EBS shelf (labelled by
year), with fitted lines obtained from a multinomial logistic model.
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modelled percentage in the SE middle shelf declines from 45 to 26%,
whereas the percentage in the SE outer shelf increases from 28 to
44%, and the percentage in the NW outer shelf increases from 15
to 25%. Large arrowtooth flounder (≥40 cm) show an increase
(26 to 39%) in the SE outer shelf with increasing cold pool area
and slight declines in other areas. In contrast, the distribution of
age-1 walleye pollock is less sensitive to changes in the cold pool.
The areas of highest densities of age-1 pollock are the NW outer
shelf and NW middle shelf, where the modelled percentage of the
stock varies from 31–34% and 29–33%, respectively. Age-1
pollock are less abundant in the SE middle and SE outer shelf, and
the percentage of age-1 pollock in the SE middle shelf declines
from 20 to 7% as the area of the cold pool increases.

The consumption equation (equation 5) can be rearranged to
express modelled consumption per predator and area as a function
of prey density (i.e. the type II predator functional response), which
exhibited a variety of shapes across the combinations of arrowtooth
size and pollock age (Figure 4) that reflects its flexibility to fit the
input data on estimated predator consumption. Small arrowtooth
flounder had a saturating functional response for consumption of
age-1 pollock, a linear functional response for age-2 pollock, and
a relatively constant but low functional response on age-3 pollock
at prey densities .30,000 km22. The estimated consumption
rates of large arrowtooth flounder exceeded those of small arrow-
tooth flounder. The highest rates of consumption were estimated
for large arrowtooth flounder on age-1 pollock, with a modelled

annual rate exceeding 0.25 pollock consumed per 1000 arrowtooth
flounder per km2 at high pollock densities. The lowest consumption
rates were estimated for small arrowtooth flounder on age-3 pollock
with a modelled asymptotic rate ,0.002 pollock consumed per
1000 arrowtooth flounder per km2.

The estimated recruitment of age-1 pollock was reduced at either
high or low temperatures, and the estimated parameters for the
quadratic relationship in equation (3) were u0 ¼ 232.7, u1 ¼ 7.4,
and u2 ¼ 20.42 (Figure 5). The predicted value of recruitment at
the largest SST observed since 1962 (10.48C, observed in 2005) is
34% of the predicted recruitment at the peak of the quadratic rela-
tionship, which occurs at 8.88C. The decline in predicted recruit-
ment at low temperatures is a result of several years in the early
1970s (1970–1973 and 1975–1976) which had both low tempera-
tures and low recruitment residuals.

Model estimates of time-series of estimated natural mortality
for pollock ages 1–3 show an increase over time (Figure 6), which
reflects the threefold increase of arrowtooth flounder from 1977
to 2014 (Spies et al., 2014). The estimated mortality rates of age-1
pollock for the 1980–1989 and 2000–2013 periods were 0.92 and
1.07 yr21, respectively, representing a 16% increase in the recent
period; for ages 2 and 3, the per cent increases between these
periods were estimated at 29 and 36%, respectively. The largest
values of age-1 predation mortality occurred during warm years
of 2003–2005, which can be attributed to several factors including
a relatively large proportion of small arrowtooth and age 1 pollock

Figure 4. Estimated functional response curves and 95% confidence
intervals for predation by two arrowtooth flounder size classes on three
pollock age groups; temperature and fish weights were set to their
average value from 1982 to 2014. Vertical bars are histograms of
model-estimated subarea pollock density from 1983 to 2012 plotted on
a relative scale.

Figure 5. The estimated Ricker stock–recruitment curve for walleye
pollock (a), accounting for the effect of SST on the recruitment
residuals (b). Data points are labelled by year class, and the shaded areas
are 95% confidence intervals.
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in the SE middle shelf in 2003 (Figure 3), the increased levels of the
maximum rate of consumption in 2003–2005 due to high tempera-
tures, and the lower abundance of age-1 pollock in 2004 and 2005;
the latter two factors increase the predator catchability and hence
morality rates of pollock by arrowtooth flounder.

The projected environmental conditions from 2015 to 2050
show warming, with SST increasing and cold pool area decreasing
(Figure 7). The median of projected SST from the nine climate
models from 2045 to 2050 was 1.88C larger than the median from
2015 to 2020. Similarly, the median of projected cold pool area
from 2045 to 2050 was 31% smaller than the median from 2015 to
2020. The cold pool area during the unusually warm years of
2003–2005 (average of 58,900 km2) would fall within the interquar-
tile distance for 3 of the 7 projected years from 2044 to 2050.

When the maximum rate of consumption, predator–prey spatial
overlap, and pollock recruitment are projected as function of en-
vironmental conditions (referred to as the base projection below),
the projected pollock biomass and catch decrease (Figure 8). The
mean projected biomass in 2050 is 5800 kt, decreasing from the
initial projection biomass of 17,000 kt in 2014. The projected preda-
tion mortality on age-1 pollock increases, which can be attributed to
the increase in predator catchability associated with smaller pollock
stock sizes. The CV of projected biomass increases through the
projection period due to the decline in mean projected biomass,
and is �0.6 in 2050 (Figure 8).

The effect of SST on recruitment has a stronger influence on
pollock dynamics than the effect of bottom temperatures and cold
pool area on either the maximum consumption rate or predator–

prey spatial overlap. When only recruitment is projected as environ-
mentally dependent, the projected biomass for 2050 is ,10% larger
relative to the base projection (Figure 8). However, the projected
predation mortality is more substantially reduced (a 23% reduction
in the mean of projected values for 2050) because of the absence of
an environmental effect on predator and prey spatial distributions.
Projections that only modify the predator–prey spatial distribu-
tions based on the cold pool area, or the maximum rate of consump-
tion based on bottom temperatures, have much larger pollock
biomass and catch due to the absence of an environmental effect
on pollock recruitment. The CV of mean biomass for these projec-
tions is �0.2 for years beyond 2020.

The proportion of arrowtooth flounder which occur in the NW
middle shelf typically does not exceed 10% even in the warmest years
observed, although this is an area with a substantial portion of the
age-1 pollock (average of 31% from 1982 to 2014; Figure 3). The sen-
sitivity analysis producing a greater rate of northward movement
resulted in the predicted proportion of small and large arrowtooth
flounder in the NW middle shelf during the year with the smallest
observed cold pool (2003) of 24 and 22%, respectively, an increase
from the estimated values of 10 and 5% (Figure 9). The rate of north-
ward movement for this sensitivity analysis projection (not shown)
was ,0.018 latitude per year (assuming the trend in the median cold
pool area from the ensemble in Figure 7). This change in modelled
response of arrowtooth flounder spatial distribution to the cold
pool decreased the projected mean pollock biomass and catch in
2050 by 10 and 17%, respectively, relative to the base projection
(Figure 8). The mean of projected age-1 predation mortality rates

Figure 6. Estimated arrowtooth flounder predation mortality (dashed
line) and total mortality (solid line) by year for pollock ages 1–3; the
mean of the prior distribution for total mortality is shown with the
dotted line.

Figure 7. Projections of EBS SST (a) and cold pool area (c) obtained
from nine GCMs, with the median and interquartile distance by year
shown in (b) and (d).
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under this sensitivity analysis increased by 18% relative to the base
projection due to a greater predator–prey overlap under future
warm years.

Discussion
Environmentally enhanced single-species statistical population
assessment models can serve as useful tools for teasing apart
the myriad ways that environmental variability can affect the popu-
lation dynamics of marine fish. In this example application, trends
in temperature were evaluated with respect to their effect on recruit-
ment of pollock (i.e. survival to age 1), the maximum rate of con-
sumption of arrowtooth flounder, and the overlap between
arrowtooth flounder and juvenile pollock. Of the processes con-
sidered, the effect of temperature on pollock recruitment had
the largest impact on projected future dynamics, consistent with re-
cruitment modelling conducted by Mueter et al. (2011) that in-
dicated that projected future recruitment, spawning biomass, and
catch declined when the effect of SST on pollock recruitment was
considered. Mueter et al. (2011) also found that projected future re-
cruitment declines with increased arrowtooth flounder abundance

via a spatially aggregated predation index that was used a covariate in
the Ricker stock–recruitment model. In this study, the availability of
data on diet and stock distributions allowed estimation of predator
functional response curves and predation mortality rates by subarea
and prey age, which arise from the overlap of predator and prey
spatial distributions. Many fish stocks would be expected to have
spatial distributions affected by trends in environmental conditions
(Dulvy et al., 2008; Mueter and Litzow, 2008; Nye et al., 2009). In
these cases, the methodology demonstrated in this study is an ap-
proach for assessing the effect of environmental trends on preda-
tor–prey overlap and predation mortality, and distinguishing the
effects of environmental trends on post-recruitment mortality
from the effects on prerecruitment mortality.

Of the processes considered here that relate environmental vari-
ables to pollock dynamics, the dominance of the SST–recruitment
relationship on projected future abundance is not unexpected given
the different ages at which these processes occur. The effect of SST
on recruitment occurs at a younger age when cohort abundance
and natural mortality rates are relatively large and where a given per-
centage change in mortality will be highly influential in determining
relative year-class strength. These results emphasize that the overall
scale of year-class abundance is largely determined by prerecruit
density-independent mortality, with prerecruit density-dependent
mortality further adjusting recruitment strength (Houde, 2008,
2009). Although temperature can have direct effects on prerecruit

Figure 8. Projections of mean biomass (a), CV of biomass (b), mean
catch (c), and mean age-1 predation mortality (d) from 2014 to 2050 for
EBS walleye pollock. The base projection, and base projection with the
alternative arrowtooth flounder distribution, includes environmental
effects on maximum consumption rate, recruitment, and predator–
prey spatial overlap. Other projections model environmental effects
only on a single mechanism. The shaded areas are the distance between
the fifth and 95th percentiles from the simulations with the base model.

Figure 9. The observed (labelled by year) and modelled proportion of
small (a) and large (b) arrowtooth flounder in the NW middle shelf; the
dashed lines are alternative distributions of arrowtooth flounder that
are used in a sensitivity run for pollock projections.
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mortality via physiology, behaviour, growth, and stage duration
(Houde, 1989; Pepin, 1991), high SST in the EBS shelf is largely
thought of as an indirect effect reflecting reduced abundances of
Calanus copepods and other zooplankton in the late summer
period that affects the overwinter survival to age 1 (Hunt et al.,
2011; Mueter et al., 2011; Heintz et al., 2013). Despite the import-
ance of environmentally driven recruitment trends on total abun-
dance, the role of environmentally driven patterns in predation
mortality can potentially alter post-recruit abundance, particularly
in cases where substantial changes occur in species distributions and
predator–prey overlap as a result of climate change.

The stock projections produced here are affected by many
sources of variability, including uncertainty in future projections
of SST, cold pool area, and bottom temperatures, and the process
error residuals associated with the environmentally driven predic-
tions of recruitment. We followed the established practice of using
an ensemble of climate models to represent uncertainty in future
climate projections (e.g. Parker, 2013). Further refinements could
incorporate uncertainty in the estimation of stock–recruitment
parameters, the Holling type II functional response parameters,
and the multinomial logistic parameters relating predator and
prey spatial distributions to the cold pool area. Because these uncer-
tainties were not considered in the projections to focus on effects
due to climate change, the variability in the projected quantities is
underestimated. Ianelli et al. (2011) also incorporated uncertainty
in future environmental conditions into stock projection models
and found some alternative harvest strategies that outperformed
the current harvest control rule when EBS walleye pollock recruit-
ment is affected by temperature.

The potential for predation on walleye pollock to be affected by
climate change depends both on the degree to which environmental
conditions will change in the EBS shelf and its effect on the spatial
distributions of walleye pollock and their predators. Analyses of
physical and biological data indicate areas south of �608N (which
include most of the EBS shelf survey data considered here) will be
most strongly affected by climate change through loss of less sea
ice, and thus a reduction in the cold pool in the middle shelf, al-
though large interannual variability is expected (Stabeno et al.,
2012). These results are consistent with the downscaled climate pro-
jections shown in Figure 7, which indicate that years such as 2003–
2005, which were perceived as unusually warm when they occurred,
are expected to occur with higher frequency in the future.

Movement to new locations would be expected to vary among
individuals within a stock, resulting in the case seen here where
the area occupied by arrowtooth flounder varied with temperature
(Figure 2). This could occur if individuals closest to their thermal
tolerances, and/or geographically close to areas with lower abun-
dances and thus less competition (i.e. density-dependent habitat se-
lection; MacCall, 1990), were more likely to move to new habitats.
Although the variability in the directional movement of marine
species has often been attributed to biological characteristics
(Murawski, 1993; Perry et al., 2005), density-dependent habitat se-
lection is a potential factor influencing changes in spatial distribu-
tions (Spencer, 2008), particularly in cases where land boundaries
and/or thermal constraints (i.e. the cold water on the northern
EBS shelf; Stabeno et al., 2012) would force movement in a particu-
lar direction. The effects of density-independent and density-
dependent factors can also interact; for example, Ciannelli et al.
(2012) observed that in recent years the effect of biomass on the
spatial distribution of EBS arrowtooth flounder depends on tem-
perature. The model presented here can provide information on

how changes in densities across various subareas could affect preda-
tion and population dynamics.

It is unclear the extent to which currently observed relationships
between arrowtooth flounder spatial distributions and cold pool
area would apply to different environmental conditions in the
future. The sensitivity analysis in which the proportion of arrow-
tooth flounder in the NW middle shelf is increased during warm
years would result in a rate of northward movement (,0.018 lati-
tude per year) that is generally consistent with rates of latitudinal
shifts from other marine ecosystems off North America (Pinsky
et al., 2013). However, because this movement is into an area that
contains a relatively large portion of the juvenile pollock population,
the predation mortality would be increased to a greater extent than
would occur under the current relationship between the spatial dis-
tribution of arrowtooth flounder and the cold pool. Movement of
pollock and arrowtooth flounder to areas north of �608N is not
expected because this area is likely to remain cold with extensive
ice cover in the foreseeable future (Stabeno et al., 2012). However,
the broad extent and spatial variability of temperature on the EBS
shelf indicate that fish stocks on the southern EBS shelf (i.e. south
if 608 N; Stabeno et al., 2012) may be able to find suitable tempera-
tures without necessarily moving along a single axis (Kotwicki and
Lauth, 2013). This might explain community-level analyses indicat-
ing wide variation in the directional movement among species in the
EBS (Pinsky et al., 2013), with many species showing no significant
latitudinal trend in their distribution (Mueter and Litzow, 2008).

The method used in this study to estimate spatially explicit pre-
dation mortality rates is applicable to data-rich stocks, as it requires
field data on stomach contents (in addition to the data necessary for
age-structured stock assessments). In addition to producing the
Cmax estimates used in this study that were based on a generalized
von Bertalanffy growth function (Pauly, 1981; Essington et al.,
2001), Holsman and Aydin (2015) also estimated Cmax from: (i)
field-based approaches that relied on digestion equations and
evacuation rates (Elliot and Persson, 1978; Durbin et al., 1983);
(ii) a bioenergetics model (Hanson et al., 1997); and (iii) a specia-
lized von Bertalanffy growth function (Ursin, 1967; Pauly, 1981).
Some variability exists in the resulting estimates; for example,
Holsman and Aydin (2015) found that Cmax for arrowtooth floun-
der ≥40 cm differed by a factor of 4 between the five methods they
evaluated. An advantage of estimating spatially explicit predation
mortality within the assessment model is that uncertainties in the
diet data, and estimated predator abundance, can be quantified rela-
tive to other input data, and adds an additional data component to
be evaluated when determining data weights (Francis, 2011). A
simpler alternative to using survey data to infer the time-varying
predator–prey overlap (via the type II functional response) is to
assume that the overlap is constant or a simple function of tempera-
ture. Although arrowtooth flounder clearly avoid the cold pool, the
distribution of juvenile pollock is less sensitive to temperature (a
result also observed from GAM models; Hunsicker et al., 2013),
resulting in a variable relationship between simple measures of
overlap and temperature.

Because arrowtooth flounder are the only predator of pollock
considered in this study, it is not clear that the total natural mortal-
ity rates of juvenile pollock have been increasing over time.
Multispecies models that include Pacific cod and cannibalism of
pollock on ages 1 and older indicate that the predation mortality
from these two sources have been decreasing over time, with the
overall natural mortality rate variable but without a noticeable
trend (Holsman et al., in press). A significant portion of the
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cannibalism is modelled within the Ricker stock–recruitment func-
tion, and additional predators could easily be added to the model to
further partition the residual natural mortality. The approach taken
here of using current estimates of total natural mortality at age to
constrain the estimates of residual and predation mortality was
motivated by empirical relationships between total natural mortal-
ity and length at age (Lorenzen, 2000), and a logistic model for
natural mortality of older fish that is scaled to maturation
(Lehodey et al., 2008). These estimates are qualitatively similar but
are lower at younger ages and higher at older ages than those
obtained from the method of Gislason et al. (2010) relating total
natural mortality to growth parameters and size at age.

The model presented here is intermediate in complexity between
traditional single-species models in which data on diet and preda-
tor–prey overlap are typically omitted when obtaining estimates
of natural mortality, and multispecies models that characterize the
dynamics of several interacting species. Models of intermediate
complexity for ecosystem (MICE) assessments have been developed
in other regions (Plaganyi et al., 2011). Relative to more complex
multispecies models, the MICE models may ease the task of incorp-
orating species interactions (and their potential relationship with
environmental variables) into stock assessment and management.
Further work should be conducted to evaluate management strat-
egies for stocks which have identified environmental drivers of key
biological processes (Ianelli et al., 2011), potentially including the
effects of the environment on predator–prey spatial overlap. A
primary focus of the model in this study is to obtain improved esti-
mates of natural mortality and abundance for a given species,
whereas multispecies models with full feedback between interacting
predator and prey species are ideally suited to characterizing system
dynamics and evaluating trade-offs in multispecies harvesting strat-
egies (Link and Browman, 2014). The model presented in this study
could be improved by more fully evaluating the data weighting and
variability of the consumption input data relative to other data
inputs.

Supplementary data
Supplementary material is available at the ICESJMS online version
of the manuscript.
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